Plants have evolved complex defense mechanisms in response to xenobiotics, and gain the concept of the ''green liver" by analogy with the detoxication role of the liver in animal organisms and present other detoxication mechanisms; particularly the xenobiotic oxidation by plant roots. This review focused on two kinds of oxido-reductase enzymes: peroxidases and laccases, regarding their importance and application as metabolic tools from plants to transform organic contaminants.
INTRODUCTION
The use of biological material through phytoremediation or bioremediation offers promising techniques for sustainable waste management (Pilon-Smits, 2005; Gerhardt et al., 2009) .
Plants acquire physiological mechanisms in response to xenobiotics, like the exudation of phenols acting as chelates of heavy metals (Wang et al., 2009) or plant intracellular mechanisms involved in the specific scavenging of Reactive Oxygen Species (ROS) often generated in presence of xenobiotics (Marquez-Garcia et al., 2009) . The ROS transformation depends on the scavenging enzymes such as peroxidases, catalases and other important enzymes (Mittler et al., 2004) ; where they presence in roots gives a high potential to plant species to metabolize xenobiotics and participate in de-pollution.
Among the in vitro cell and tissue cultures, hairy roots cultures derived from different plant species have been a suitable culture system to study xenobiotics detoxification (Nepovim et al., 2004) and the treatment of several contaminants such as PCBs (Mackova et al., 1997) , *Corresponding author. E-mail: aguerrer@imp.mx. pesticides like DDT (Suresh et al., 2005) and nitroaromatic compounds like 2, 4-dinitrotoluene; 2, 4, 6-trinitrotoluene (TNT) and aminotoluenes (Nepovím et al., 2004) .
The detoxifying effect is due to the presence of oxidoreductive enzymes in plants and particularly in roots, with a high production of them in response to chemical stress (Hirata et al., 2000) , localized mainly in cell walls and in vacuoles (Coniglio et al., 2008) .
Thus, a particular attention has been focused to peroxidase activities that have a role in xenobiotic oxidation and organic pollutant sequestration by plant roots (Larue et al., 2010) .
This review focused the attention on two kinds of oxidoreductase enzymes: peroxidases and laccases, regarding to their importance and apply as metabolic tools from plants by their induction to transform organic contaminants.
Peroxidases and their potential role in plants
Peroxidases (POX, EC 2.5.1.18) are widely distributed in living organisms including microorganisms, plants and animals. Plant peroxidases are localized mainly in cell wall and in vacuoles and are associated with the nonspecific oxidative polymerization of phenolic units in the cell wall to make lignin. Plant roots exude high concentrations of peroxidases into soil, particularly in response to chemical stress. Due to their implication in a broad range of physiological processes such as auxin metabolism, lignin and suberin formation, cross-linking of cell wall components, defense against pathogens or cell elongation; peroxidases activity can be easily detected along the development and growth of plants: from the early stage of germination to the final step of senescence, through the control of cell elongation, defense mechanisms, and several other roles peroxidases, through their catalytic and hydroxylic cycles, regulate directly or indirectly the cell wall architecture (Nepovím et al., 2004) .
Heme peroxidases of plants belong to a super family that contains three different classes of peroxidases: the intracellular class I (EC 1.11.1.5/.6/.11), the class II released by fungi (EC 1.11.1.13/.14), and the secreted class III plant peroxidases (EC 1.11.1.7); these enzymes are present in soluble ionically-and covalently-cell wall bound forms and they are involved in many functions: in ROS generation and regulation, catalyzing the reduction of H 2 O 2 by taking electrons to various donor molecules such as phenolic compounds, lignin precursors, auxin, or secondary metabolites (Hiraga et al., 2001 ) and in the oxidation of various substrates (which leads to the catabolism or the polymerization of substrates); using these three mechanisms, plants have a multifunctional tool that they can use in every tissue at any time throughout their life cycle. The high number of isoforms further allows a fine balance between antagonistic peroxidase functions such as cell wall cross-linking and loosening and this could explain the numerous discrepancies reported about their regulation related to plant physiological processes (Passardi et al., 2005) .
Numerous biochemical and physiological functions have been attributed to plant isoperoxidases; these include growth, cell formation, fruit development, ethylene biosynthesis, detoxification, stress response, senescence and salt tolerance (Liszkay et al., 2004; Sasaki et al., 2004; Ben Amor et al., 2005) .
Large proportion of peroxidases preferentially expressed in root tissue in comparison to other organs; the plant root as organ responsible for water and nutrients uptake from soil represents the first site of contact with several abiotic stresses, such as drought, flooding and several soil pollutants including heavy metals (Tamás et al., 2007) .
Peroxidases play important roles in eliminating the harmful reactive oxygen species, by catalyzing reactions where a phenolic substrate is oxidized while the active oxygen species are reduced to a much less harmful form. Besides their role in removal of reactive oxygen species; peroxidases are involved in lignifications by catalyzing the oxidation of cinnamyl alcohols, which is the final catalytic step for the creation of lignin (Tayefi-Nasrabadi et al., 2011) .
Importance of peroxidases in the abiotic and biotic plant stress responses
Plants exposed to acute stress are known to up-regulate their overall peroxidase activity; responding to various abiotic and biotic stresses such as chemical (heavy metal, industrial, or agriculture pollution), biological (pathogens), or physical (wounding) conditions. Peroxidases expression results in plant defense either passively (building up of stronger walls) or actively (production of ROS against attacking organisms). When the stress factor manages to overcome the plant barriers and penetrates inside the plant; peroxidases may play a major role by isolating or eliminating the foreign body (Fediuc and Erdei, 2010) . Toxicity of heavy metals in plants is probably due to their ability to promote damaging oxidative reactions (Schützendübel and Polle, 2002) . A possible function of peroxidases in treatment of heavy metals is their contribution in accumulating plants; the waterlily Nymphaea probably uses peroxidases to produce phenolic polymers that trap Cd and isolate it in the form of Ca-Cd crystals in specific glands situated on the aquatic side of its leaves. Another aquatic plant, Nymphoides peltata, which contains a lower basal level of phenols, was subjected to the same growth condition and Cd exposure, it showed severe damages, thus supporting the implication of phenolic polymers and the phytoaccumulation of metals (Lavid et al., 2001) .
The stimulatory or inhibitory effects of Cd 2+ on catalases and peroxidases activities varied with time; results presented by Fediuc and Erdei (2010) for these two enzymes were recorded after a four-week Cd 2+ treatment in Phragmites and Typha species. The levels of antioxidant enzyme activities, however, always showed the same differences between both species with higher activity consistently registered in Phragmites (Fediuc and Erdei, 2010) .
Besides their participation to the entrapment of heavy metals; peroxidases can also degrade toxic molecules; hairy root cultures of turnip (Brassica napus), are very efficient in degrading the toxic pesticide 2,4-dichlorophenol (2,4-DCP) (Agostini et al., 2003) , these authors mentioned that even the resulting products have not yet been precisely identified in terms of chemical nature and toxicity; they are probably a mixture of polymers created by the action of peroxidases.
Laccases a particularly phenoloxidases and their potential role in plants
Polyphenol oxidases are oxidoreductases that catalyze oxidation of phenolic compounds (Durán and Esposito, 2000) ; phenolic-oxidizing enzymes, are widely distributed in many eukaryotes as well as in prokaryotes, the localization of plant and fungal laccase is extracellular, while in bacteria most of the laccases are intracellularly localized; these enzymes exhibit various functions, depending on their source organism, physiological and pathological conditions, range of functions of them divided into three categories: cross-linking of monomers, degradation of polymers, and ring cleavage of aromatic compounds (Dwivedi et al., 2011) . They are subdivided into two subclasses: tyrosinases and laccases, and both groups react with oxygen and no cofactors are needed (Chevalier et al., 1999) ; they have been found in the roots of a number of plant taxa (Sato, 1976) and the release of these oxidoreductases facilitates the oxidative degradation of certain soil constituents (Gramss et al., 1999) .
Laccases are cuproproteins belonging to the small group of named blue oxidase enzymes; are a phenol oxidase that catalyze the oxidation of several aromatic and inorganic substances (particularly phenols) with the concomitant reduction of oxygen to water; phenolic compounds are widely distributed in nature and their oxidations are important in processes as cellular oxidation, cellular wall protection, fruit browning, juices and wines processing, pulps delignification and in the decontamination of soil and water pollution (Smith et al., 1997) .
Laccases have been studied exhaustively in different aspects such as applicability in genetic expression, genetic transcription and cloning (Gianfreda et al., 1999) and oxidize many substrates: phenolic dyes, phenols, chlorophenols, lignin-related diphenylmethanes, benzopyrenes, N-substituted p-phenylenediamines, organophosphorus and non-phenolic beta-O-lignin model dimer (Durán and Esposito, 2000) . The simple requirements of laccases catalysis (presence of substrate and O 2 ), as well as its apparent stability and lack of inhibition; make these enzymes both suitable and attractive for biotechnological applications (Majeau et al., 2010) .
Plant enzymes and their role in phytoremediation alternatives
The biological agents such as plants, microorganisms and plant-microorganisms associations are effective agents to the transformation of organic pollutants; because their enzymatic components are powerful catalysts, able to extensively modify structure and toxicological properties of contaminants or to completely mineralize the organic molecule into innocuous inorganic end products. Enzymes can be applied in many remediation processes to target specific pollutants for treatment. The potential advantages of the enzymatic Dorantes and Zúñiga 37 treatment includes: the application to recalcitrant materials, operation at high and low contaminant concentrations over a wide pH, temperature and salinity range, needs of biomass acclimatization and the easy control process among others (Durán and Esposito, 2000) . Enzymes carry out processes for which no efficient chemical transformations could have been devised. The most common contaminants (classified on the basis of their biodegradability), like simple hydrocarbons C1-C15, alcohols, phenols, amines, acids, esters, and amides are very easily biodegraded; by contrast, polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs) as well as pesticides are very difficult biodegradable. In order to be biodegraded, contaminants must interact with enzymatic systems in the degrading organisms. If soluble, they can easily enter cells, if insoluble; they must be transformed into soluble or easily cell-available products. The first effective step for cell-transformation of insoluble substances is usually the reaction catalyzed by ecto-and extra cellular enzymes, which are deliberately released by the cells into their nearby environment (Gianfreda and Rao, 2004) .
Extra cellular enzymes include a large range of oxidoreductases; these enzymes possess a degradative function and transform polymeric substances into partially degraded or oxidized products that can be easily uptaken by cells. The partial oxidation of PAHs pollutants by extra cellular oxidative enzymes give rise to products of increased polarity and water solubility and thus with a higher biodegradability (Meulenberg et al., 1997) ; these enzymes are usually wall-associated enzymes and provide to partially transform substances in products more easily up-taken by plant roots or rhizosphere microorganisms (Gianfreda and Rao, 2004) .
The peroxidases up regulation as a response of the plant to pollutants can already be used for the phytomonitoring contaminated soils and of industrial or densely urbanized areas. These enzymes have been shown to be quite sensitive to atmospheric pollution, with a response that can be stronger than other classical biomarkers (Wu and von Tiedemann, 2002) ; similar observations have been made with heavy metals present in soil (Geebelen et al., 2002) ; although the response may be lower than that observed with atmospheric stress (Klumpp et al., 2000) . Few reviews have focused on laccases for bioremediation of soil and wastewater; although these enzymes oxidize polyamines, aminophenol, lignins, aryl diamine, some inorganic ions, they may also diminish the toxicity of some polycyclic aromatic hydrocarbons (PAHs), organophosphorus pesticides and azo dyes (Torres et al., 2003; Majeau et al., 2010) ; the removal of toxic compounds by these enzymes through oxidative enzymatic coupling, leading to insoluble complex structures (Wang et al., 2002) .
Immobilized laccases was found to be useful to remove phenolic and chlorinated phenolic pollutants (Ehlers and Rose, 2005) due to their broad substrate range (Johannes et al., 1998; Pozdnyakova et al., 2004; Dwivedi et al., 2011) . The interaction between laccases and other extracellular enzymes in pollutant oxidation has not been studied extensively, but is presumed to be advantageous in terms of broader substrate range, decreased inactivation by free radicals and further mineralization of toxic compounds (Majeau et al., 2010) .
A particularly case of the measurement of peroxidases and laccases root surface activities of plants exposed to petroleum hydrocarbons Macrophytes are potential candidates for removal of chemical pollutants, and some emergent macrophytes are efficiently used to treat waste water, such as the common reed (Phragmites australis), the broadleaf cattail (Typha latifolia) and the yellow flag (Iris pseudacorus) (Amaya-Chavez et al., 2006; Bragato et al., 2006; Calheiros et al., 2007 Calheiros et al., , 2008 , theirs plant root systems play direct and indirect roles in de-pollution processes, interacting with the microorganism populations of their surrounding environment and stimulating their activity (Wang et al., 2008; Larue et al., 2010) .
Southeastern México has sites with various levels of oil-derived pollution from accidental spillage or disposal of oil wastes. Likewise, the growth of some plant species in these sites has called the attention to identify the physiological mechanisms that have led to the adaptation of these species to oil-polluted conditions. Guerrero (2000) evaluated the activity of two root-surface enzymes as biochemical markers in plants of three swamp species: Cyperus elegans L., Rhynchospora sp. and Cyperus hermaphroditus, (Jacquin) Standley (Cyperaceae) grown in soil polluted with various oilderived aromatic compounds after three months.
The comparative analysis of enzymatic activity in the root surface of the species studied showed a general pattern; with a considerable increase in activity after the time of exposition to pollutants, that might be related to plant age and to the exposition time to pollutants, and promoted an enzymatic activation at the root surface of constitutive or inducible enzymes under the prevailing soil conditions, such as the presence of pollutants per se, as well as the availability of oxygen as a determining agent in such activation. For the three species it was possible to associate the null or notorious decrease in peroxidases activity to the high hydrocarbon content in soil. This soil condition might have been stressful for these plants or roots, thus reducing their activity and enzyme concentration at the root surface; this can be thought of as an enzymatic activation-and-inactivation process as hydrocarbon concentration increased. An activation of laccases occurred simultaneously with an inactivation of peroxidases; peroxidases up-regulation is generally transient; these enzymes are often strongly induced at the beginning of an event, and then slowly decrease with time. This type of response has indeed been shown in chemical stress, where peroxidases expression was only significantly increased in acute stress (Klumpp et al., 2000) . This transient induction is, however, not common to all peroxidases; there is always a basal level of peroxidases activity in plants, probably to perform "housekeeping" functions, such as growth by elongation and lignifications (Passardi et al., 2005) .
The analysis performed in this study on the surface enzymatic activity of the root systems of C. elegans, C. hermaphroditus and Rhyncospora sp., from a swamp polluted with hydrocarbons derived from oil, showed that induction of peroxidases and laccases took place through an increase in their activity in these plants; as mentioned by Holzapfel et al. (2010) , enzymes that oxidize phenolic compounds are ubiquitous in plants and most other organisms.
Enzymatic activity was directly related to hydrocarbon concentration, plant age, and particularly to the physicochemical characteristics of roots. In some cases, high hydrocarbon concentrations were harmful for root development; however, the affected plants showed evidences of recovery throughout the time, thus demonstrating their ability to adapt to those conditions of pollution and the increase in the amount of laccases and peroxidases through time founded within roots and those excreted into the soil, contributing to the immobilization of polluting chemicals through their polymerization within the humic fraction of soil and/or along the root surface.
Thus, as Holzapfel et al. (2010) mentioned, enzymes serving as part of a detection mechanism that alerts the plant to the presence of specific contaminants as a signal transducers (Bais et al., 2004) ; other experiments indicated that the level of activity is similar for the entire length of the root as in this swamp species (Holzapfel et al., 2010) .
Finally, the enzyme activation-and-inactivation process occurred with the increase of contaminants in soils and the detection of an in situ enzymatic activity in the root systems of the species studied might reveal some of the mechanisms that allow plants to become adapted to the polluted areas where they are currently growing. Thus, these kind of plant species could be proposed as suitable candidates for the removal and transformation of organic compounds through the action of their enzymatic systems; however, further in-depth research is recommended.
